Abstract This study investigates the leading pattern of Eurasian summer heat waves (HWs) using observed and simulated data sets and reveals an intensified mode of variability that bridges the HWs in eastern Europe (EE) and northern China (NC). The concurrent variability of the HWs in EE and NC is primarily driven by an atmospheric circum-global teleconnection that induces anomalous anticyclones over the two regions. The observed upward trends in EE and NC HW days could be related to the warm sea surface temperatures around Greenland Island, which may weaken the Atlantic westerly jet stream and lead to amplified wave trains at the exit of the jet, resulting in strengthened anticyclones over EE and NC that favor the occurrences of HWs. The Geophysical Fluid Dynamics Laboratory high-resolution atmospheric model fails to simulate the EE and NC HWs, due probably to the model's poor representation of the South Asian summer rainfall.
Introduction
Heat waves (HWs), among the most devastating weather events, are featured by prolonged periods of excessively high temperatures, which could lead to remarkable impacts on human mortality, economies, and ecosystems (e.g., Fouillet et al., 2006; Meehl & Tebaldi, 2004; Poumadère et al., 2005) . For example, an extreme HW occurred during July and August of 2010 in eastern Europe (EE) and western Russia, which caused more than 54,000 heat-related deaths in Moscow and provoked thousands of wildfires, making it the most severe heat-related event in history (e.g., Barriopedro et al., 2011; Dole et al., 2011; Grumm, 2011) . In the context of global warming, HWs have been reported to become more frequent in the recent decades (Coumou & Rahmstorf, 2012; Perkins et al., 2012) and are expected to become more intense and frequent and last longer in the future warming scenarios (e.g., Christidis et al., 2015; Coumou & Robinson, 2013; Meehl & Tebaldi, 2004) , which triggers tremendous interest in the climate community to explore the variability of HWs and associated physical mechanisms.
Eurasia covers around 36.2% of the Earth's total land area and contains over 5 billion people. Previous studies have reported that people in northern Eurasia have suffered through more HWs and droughts since the late half of the 20th century (Schubert et al., 2014; Sillmann et al., 2014) . Particularly, the largest increases in HW frequency seem to appear over Europe and East Asia (e.g., Beniston, 2007; Clark et al., 2006) , which have resulted in greater socioeconomic losses due to the advanced urbanization and dense population. Although numerous studies have examined the spatial-temporal characteristics of HWs in Europe and East Asia (e.g., Elliot et al., 2014; Otto et al., 2012; Shaposhnikov et al., 2014) , most investigations are case analyses. Recently, Wu et al. (2012) and Zhou and Wu (2016) Lau and Kim (2012) , we have also noticed that the anticyclonic anomaly over Europe coincides with another anticyclonic anomaly over East Asia, suggesting that the concurrent variability of HWs in Europe and East Asia should be tied under specific mechanisms (Trenberth & Fasullo, 2012) . However, the above results are primarily concluded from the 2010 extreme cases, and several questions remain unanswered. For example, is the teleconnection between the European and East Asian HWs robust? Is the intensified variability of European and East Asian HWs a global warming signal or just an interdecadal modulation? The rest of this paper, which addresses the above questions, is organized as follows. Section 2 describes data sets and analysis methods. Section 3 elaborates the results obtained, followed by a summary and discussion in section 4.
Data and Methods
We use the daily 2-m temperatures (T2m) from reanalysis products and simulated output by the Geophysical Fluid Dynamics Laboratory (GFDL) global high resolution atmosphere model (HiRAM) to analyze the Eurasian HWs. These data sets include (1) the ERA-Interim (Dee et al., 2011 ) with a resolution of 1°× 1°during 1979-2016, (2) the ERA-20C (Poli et al., 2016 ) with a resolution of 1°× 1°during 1900-2010, and (3) an ensemble member of HiRAM with a 50-km horizontal resolution during 1979-2008. The ERA-Interim and ERA-20C data sets are analyzed for the purpose of comparison, which helps to distinguish global warming trend or interdecadal variability in the Eurasian HWs. The HiRAM was developed based on the GFDL Atmospheric Model 2 (AM2) with increased horizontal and vertical resolutions, which is obtained from the experiments forced by observed SST. The HiRAM uses a simpler representation of aerosols than do the AM2 and the AM3 so that it can be run more efficiently at higher resolutions and applies simplified parameterizations for moist convection and large-scale cloudiness, with a goal of providing an improved representation of significant weather events (Harris et al., 2016; Zhao et al., 2009 ).
Monthly atmospheric data sets are also obtained from the above three data sets, with a resolution of 2.5°× 2.5°, to diagnose the large-scale circulation anomalies associated with the leading mode of Eurasian summer HWs. These variables include the three-dimensional winds, geopotential heights, surface air temperature, and sea level pressure. In addition, monthly precipitation is provided by the CPC Merged Analysis of Precipitation (Xie & Arkin, 1997) , with a horizontal resolution of 2.5°× 2.5°for the period of 1979 to present. Monthly mean sea surface temperature (SST) is available from the NOAA Extended Reconstructed SST version 4 (Huang et al., 2015) , with a horizontal resolution of 2°× 2°for the period of 1854 to present. The Niño 3.4 index is defined as the mean of monthly normalized SST anomalies at each grid over the area of 170°W-120°W/5°S-5°N, and the circum-global teleconnection (CGT) index is defined by the H200 averaged over northwestern India (35°-40°N/60°-70°E; Ding & Wang, 2005) .
A method to determine the relative threshold of T2m is applied in this study (Della-Marta et al., 2007; Kuglitsch et al., 2010) . For a specific day within the June-July-August period, a threshold of HWs can be identified by the 95th percentile of ERA-Interim daily T2m for a total of 38 years × 5 days (110 years × 5 days for the ERA-20C; 30 years × 5 days for the HiRAM; the 5 days correspond to 2 days on either side of the target date). By moving the 5-day sample windows forward or backward, we can obtain the consecutive thresholds for every day. An HW event is identified when there are at least 3 consecutive days when the T2m exceeds its 95th percentile threshold. Therefore, the HW day (HWD) for each summer can be acquired. A higher HWD indicates that there are more threshold-breaking hot days or more frequent HWs, and vice versa (Zhou & Wu, 2016) . In addition, an empirical orthogonal function (EOF) analysis is employed to capture the first leading mode of Eurasian summer HWD. In regression/correlation analysis, we use the Student's t test to assess the statistical significance of the results. Figure 1 shows the first EOF mode of Eurasian summer HWD based on observed and simulated data sets. As seen from Figure 1a , the largest variabilities of HWD (ERA-Interim) are mainly concentrated over two regions, that is, EE (30°E-50°E/50°N-60°N) and NC (98°E-118°E/40°N-50°N), which suggests a concurrent variability of HWs in these two regions. Figure 1b , obtained from the ERA-20C, displays a similar pattern as Figure 1a , with the strongest signals of HWs over EE and NC. It should be noted that the differences in NC HWs between ERAInterim ( Figure 1a ) and ERA-20C (Figure 1b) are considerably large. In fact, these differences still exist when we re-perform the EOF analysis for both data sets over the common period , implying that the differences may result from the reanalysis differences. The ERA-Interim assimilates a wide range of available satellite and in situ observations, and since these observations vary with time, the ERA-Interim is subject to the changes in the input observing systems. By comparison, the ERA-20C assimilates observations of surface pressure and surface marine winds only, and it presumably is not strongly affected by the changes in the input observing systems but is subject to issues in the assimilating model over the regions that lack abundant surface pressure and marine wind observations (Poli et al., 2016) . The first EOF mode of HiRAM-simulated HWD is presented in Figure 1c , where the observed concurrent variability of HWs in EE and NC is generally captured, but the simulated variability in EE and NC HWs is obviously smaller than those in observations.
Results

Leading Mode of Eurasian Summer HWD
The time series corresponding to the first EOF mode of HWD are illustrated in Figure 1d . Overall, all of the observed and simulated PC1s have been characterized by consistently upward trends since the 1980s, implying the intensified variabilities and strengthened linkages of HWs in EE and NC. The year-to-year correlation coefficient between PC1 (ERA-Interim) and PC1 (ERA-20C) during 1979-2010 is as high as 0.93. From the PC1 (ERA-20C), it is found that the leading mode of HWD experienced an insignificant trend during 1900s-1970s, suggesting that the intensified mode of variability in Eurasian summer HWs during the recent decades be tied to the recent global warming. The simulated PC1 is significantly correlated with the PC1 (ERA-Interim)/PC1 (ERA-20C), with a correlation coefficient during 1979-2008 of 0.56/0.71, exceeding the 99% confidence level, demonstrating that the HiRAM can, to some extent, reproduce the teleconnection between EE and NC HWs.
Although the concurrent variability of HWs in EE and NC has been clearly revealed in both observations and model simulations, the underlying physical causes are still vague. It is of our interest to explore what mechanisms that may affect the leading mode of Eurasian summer HWs and why the HiRAM shows a weaker representation of the HWs in EE and NC than those in observations.
Physical Mechanisms for the Leading Mode of Eurasian Summer HWs
To identify the physical causes associated with the leading pattern of Eurasian summer HWs, we analyze the changes in atmospheric circulations by regressing the upper tropospheric stream function and wave activity fluxes (Takaya & Nakamura, 2001 ) onto the observed and simulated PC1s. As shown in Figures 2a and 2b , anomalous anticyclones are found over EE and NC, corresponding to the concurrent variability of HWs in the two regions. Meanwhile, anomalous cyclones are also observed, which center in central Russia and northwestern India, respectively. The alternative high and low pressure anomalies over Eurasia are actually related to an eastward propagating wave train, which splits into two routes over EE: One continues to propagate northeastward resulting in the central Russian low, and the other propagates southeastward leading to a cyclonic anomaly over northwestern India. As indicated by Figure 2c , the HiRAM has simulated an anticyclone-cyclone-anticyclone circulation pattern over Eurasia. However, the model seems to overstate the northern route of the wave train, reproducing a much stronger cyclonic anomaly over central Russia than those in observations. More importantly, the model seems to fail in simulating the southern route of the wave train, especially the cyclonic anomaly over northwestern India, which may explain why the simulated covariabilities of HWs in EE and NC are smaller compared with the observed. Figures 2d and 2e further show the regression maps of meridional winds onto the PC1s, in a global perspective, to survey the possible sources of variability. The most striking feature is a significant circum-global pattern, whose signals peak in the upstream regions, covering the North Pacific, North America, the North Atlantic, and the Eurasian continent. The correlation coefficient between CGT index and PC1 is 0.50 (ERA-Interim)/0.53 (ERA-20C)/0.22 (HiRAM), implying that the CGT plays a crucial role in modulating the leading pattern of Eurasian summer HWs. Ding and Wang (2005) have indicated that the South Asian summer monsoon rainfall may affect the CGT pattern by modulating the atmospheric circulation over northwestern India. Therefore, we further examine the precipitation anomalies associated with the concurrent variability of Eurasian summer HWs. As seen from Figures 3a to 3b , the HiRAM-simulated climatic precipitation over southwestern India is obviously less than that in observation. Correlated with the leading mode of Eurasian summer HWs, above-normal precipitation is observed over the Arabian Sea, Iran, and the mountains of Pakistan and Afghanistan (Figure 3c ), while the simulated precipitation anomaly over these regions is insignificant and even opposite (Figure 3d ). That is, the HiRAM has a difficulty in simulating the observed precipitation pattern over South Asia, which may explain why the HiRAM simulates a weaker linkage of HWs between EE and NC. It should be noted that that the observations used for reanalysis in this part of the world may be poor and, most probably, inhomogeneous in time and space. However, a further examination of the GPCP precipitation reveals a very similar result as the CPC Merged Analysis of Precipitation, indicating that the precipitation pattern is reliable.
Another factor that may affect the CGT is the mean westerly jet stream over the Northern Hemisphere (Ding & Wang, 2005) , and model's performance in simulating the jet stream can considerably affect the simulated 10.1029/2018GL079836
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CGT pattern and associated anomalies in regional HWs. A further examination reveals that the HiRAM has a good ability in simulating the climatological state of the North Atlantic and Eurasian westerly jet streams (figure not shown). Furthermore, the observed relationship between the upper-level westerly jet streams and the PC1 is also well simulated by the HiRAM, especially over the regions from northern Europe to South Asia, where alternative westerly and easterly anomalies are found. That is to say, the model's performance in simulating the mean flow is relatively reasonable, suggesting that the primary cause for the model's poor representation of the HWs in EE and NC is model's failure in simulating the Indian summer precipitation. Figure 4 further shows the regression maps of global SSTAs onto the PC1s. Correlated with the PC1s, warming SSTAs appear in the Atlantic, the Indian Ocean, and the northwestern Pacific, coinciding with a cooling SSTA in the eastern Pacific (Figures 4a-4c) . After removing the linear trends from the PC1s, as depicted from Figures 4d-4f , the largest changes in SSTAs occur around the Greenland Island, while the eastern Pacific SSTAs seem to become more prominent, reflecting a La Niña-like pattern. Compared with the observations, the HiRAM has simulated a similar SSTA patter as those in observations. Chen et al. (2016) and Chen and Wu (2017) have indicated that the dominant modes of Eurasian surface air temperature are closely linked to the North Atlantic SSTAs, but their research period is for the boreal spring. Our study further suggests that the recent warming of North Atlantic SST could also connect with the increased frequency of summer HWs in EE and NC. As seen from Figure 4g , an anomalous anticyclone is indeed observed over the warming regions in the North Atlantic, which may induce an anomalous wave train that propagates southeastward, contributing to the significant high pressure over EE. After removing the linear trends (Figure 4h ), the anomalous wave train from the Greenland Island disappears, indicating that the North Atlantic SSTAs may play some roles in modulating the trends in EE and NC HWs.
It should be cautious that the North Atlantic warm SSTs could be a response to the atmosphere rather than a direct forcing, as the high-latitude SSTs may be insufficient to trigger the deep convection that affects the upper-level atmosphere. In fact, the intensified anticyclones in the high latitudes often correspond to anomalously descending motions and increased solar radiation that may warm the SST. Nevertheless, the North Atlantic warm SSTs may indirectly affect the CGT-related wave trains through weakening the North Atlantic westerly jet stream (NAWJS). That is, the widespread warming around the Greenland Island can 
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Geophysical Research Letters reduce the local meridional SST gradient and subsequently cause a slower NAWJS. As a result, the atmospheric wave trains could strengthen at the exit of the jet, leading to the intensified anticyclones over EE and NC. Therefore, the North Atlantic warm SSTs may connect the EE and NC HWs through indirect ways, that is, modulations of the NAWJS as well as the CGT-related wave trains.
Summary and Discussion
This study has investigated the leading pattern of Eurasian summer HWs. A concurrent variability of HWs in EE and NC is found from observations and model simulations, which show an upward trend during the past several decades. Although the atmospheric model has generally reproduced the leading pattern of Eurasian summer HWs, the simulated variability of HWs in EE and NC is obviously smaller than that in observations, due probably to the model's poor representation of the South Asian summer rainfall. The concurrent variations of HWs in EE and NC are primarily driven by the atmospheric CGT, which induces anomalous anticyclones over EE and NC. The increasing trends in EE and NC summer HW days could be related to the recent warming of the North Atlantic, which reduces the local meridional SST gradient and subsequently causes a slower westerly jet stream over the North Atlantic. As a result, the CGT-related wave trains may be strengthened at the exit of the jet stream, leading to the intensified anticyclones over EE and NC. Under the control of anomalous anticyclones, significant descending motions occur over EE and NC, which on the one hand prohibit the formation of cloud, and on the other hand suppress convection. The reduced cloud cover increases the solar radiation at the surface, while the suppressed convection and decreased precipitation may cause a drier and hotter soil condition in favor of the HWs in these regions. It should be noted that the warm SSTAs around the Greenland Island may reflect a global warming footprint due to the increased anthropogenic CO 2 emission and/or result from the recent phase shift of the Atlantic Multidecadal Oscillation, which deserves further investigations.
